ABSTRACT This artile provides an introduction to a computer tutorial on tansient state kinetics. The tutorial uses our Macintosh version of the computer program, KINSIM, that calculates the time course of reactions. KINSIM is also available for other popular computers. This program allows even those investgators not matmatically inclined to evaluate the rate constants for the transitions between the intermediates in any reaction mechanism. These rate constants are one of the insights that are essential for understanding how biochemical processes work at the molecular level. The approach is applicable not only to enzyme reacbons but also to any other type of process of interest to biophysiists, cell biologists, and molecular biologists in which concentratons change with time. In principle, the same methods could be used to characterize time-dependent, largescale processes in ecology and evolution. Completion of the tutorial takes students 6-10 h. This investment is rewarded by a deep understanding of the principles of chemical kinetics and familiarity with the tools of kinetics simulation as an approach to solve everyday problems in the laboratory.
INTRODUCTION
Knowledge of kinetic constants frequently provides some of the most penetrating insights about most molecular mechanisms in biology and chemistry, but many molecular biologists are reluctant to take on the task of evaluating these constants (Maddox, 1993) . Instead, most focus on the other information required to establish mechanisms: 1) a complete inventory of the molecular components of the system; 2) a list of the intermediates in the reactions of these components; and 3) the atomic structures of these components. A variety of biochemical, molecular biological, genetic, and biophysical methods are available to complete these tasks-but kinetic analysis is the only way to obtain the information about the rates of the transitions between the various possible intermediates. These rate constants are the key to understanding how things work, because a full set of rate constants allows one to decide which of the possible intermediates are used in a reaction mechanism, to appreciate the rates of the various steps, and to evaluate the free energy changes at each step. Johnson (1992) provides a particularly clear explanation of the strategy and methods used in transient kinetics analysis of enzyme mechanisms.
Given their fundamental importance, why do we generally know less about the kinetic constants than other features of our systems? Although everyone learns in biochemistry classes about the traditional tools used to evaluate the initial rates of enzyme reactions, this steady-state approach is often inadequate for detailed understanding of even simple enzyme mechanisms and is not applicable to a wide variety of pro-cesses in which enzyme reactions play little or no part. Examples of largely nonenzymatic processes include the assembly of cellular organelles, the cytoskeleton, and the extracellular matrix; the binding of cells to each other and the extracellular matrix; and the activities of most ion channels. Just like enzyme reactions, none of these processes will be understood until we work out their molecular mechanisms, including the evaluation of the rates of the transitions between the various intermediate states.
Transient kinetics
The goal of an analysis by transient kinetics is to understand the mechanism of a reaction. This approach can provide an inventory of the reactants, intermediates, and products along a reaction pathway together with the kinetic rate constants that determine the transitions between these chemical species. Both the identity of the intermediates and the values of the rate constants are important and interdependent in appreciating the mechanism. You can view the reactants, intermediates, and products as the roster ofplayers in the game.
The rate constants reveal not only the rate of the transitions between these intermediates, but also the pathway through the various possible intermediates between reactants and products. As a bonus, if one knows the forward and reverse rate constants for any step, their ratio gives the equilibrium constant for the reaction. This provides a powerful connection between kinetics and thermodynamics. From the equilibrium constant, one can calculate the free energy change, which provides valuable thermodynamic information about processes that may be inaccessible to evaluation by equilibrium methods.
The strategy is simple: just change the conditions of the system and watch the time course as it approaches a new equilibrium or steady state. This is called transient state or pre-steady-state kinetics, because one observes the transition from one equilibrium to another equilibrium or steady state, rather than the rate of a biochemical reaction running at a steady rate. Steady-state data are also useful, but transient data are frequently more informative. One frequently does steady-state experiments before transient experiments. First, the steady-state experiments generally require less material, particularly for an enzyme reaction. Second, the steady-state parameters will provide important clues required to design transient experiments.
One has many options when changing conditions to initiate a transient. Changing the concentration is a method for systems with two reactants or products, since mass action will drive it toward a new equilibrium. For example, one can simply dilute such an equilibrium system and watch what happens. Or one can mix two reactants and watch for the disappearance of reactants or the formation of products. Another strategy is to change the environment of the system, for example, by changing the solution conditions (pH, ionic strength, etc.), the temperature, or the pressure. Slow reactions taking seconds can be initiated by hand. Fast reactions on a millisecond time scale require rapid mixing equipment to change the conditions. "Stopped-flow" devices mix two solutions and inject them into a spectroscopic cuvette in -2 ms for measurement of the time course of changes in absorption, light scattering, or fluorescence.
In each case, you learn about the system from watching it approach a new equilibrium or steady state, so you need some way to observe what is happening. Fortunately, one can usually find a good assay for the concentrations of reactants, intermediates, and/or products-the more assays the better.
Since many reactions are fast, spectroscopic assays are particularly useful. For example, one can follow absorbance, light scattering, fluorescence, fluorescence polarization, and (recently) even circular dichroism, electron spin resonance, or x-ray diffraction. If the system does not For example, the products of a single step in DNA synthesis have been followed on a millisecond time scale by gel electrophoresis (Johnson, 1992) . Having set up an assay system and watched what happens when the system approaches a new equilhbrium, one needs tools to extract the kinetic constants from the observed time courses. The strategy at this point depends on the complexity of the mechanism. If things are really simple, one can get the answer with a pencil and paper. If the mechanism is complicated with one or more intermediates between reactants and products, more robust methods are required to calculate the rate constants. The traditional approach seeks an analytical solution, an equation with all of the rate constants. Formulation of these equations requires a good working knowledge of calculus and algebra. This approach is elegant but limited, because simplifying assumptions are usually required to complete the analysis. The Michaelis-Menten analysis of enzyme mechanisms is an example of an analytical solution using simplifying assumptions (rapid equilibrium binding of substrate to enzyme, no enzyme product complex, and no back reactions). The required simplifying assumptions are rarely all valid. Furthermore, the mathematical requirements of the analytical approach have limited the number of biologists capable of using transient kinetics to analyze the mechanisms of their favorite processes.
An alternative approach is to use numerical integration by computer to simulate the kinetic data and calculate the rate constants. In principle, numerical integration can solve any mechanism without simplifying assumptions, being limited only by computer speed. Fortunately, powerful computer programs can now run on readily available computers to take almost all of the work out of the analysis. One can now decipher mechanisms on a lap top computer, a feat which a decade ago was not possible. The purpose of this tutorial is to show you how to do it without knowledge of calculus.
Before working on the methods of analyzing kinetic processes, we need a word about the data required to analyze a mechanism. If your reaction is simple, perhaps only one step, you will be able to solve the puzzle with a minimum of measurements. For example, knowledge of the equilibrium constants and a single transient experiment showing the time course of the concentration change of either the reactant or product as the system approaches a new equilibrium may be enough. On the other hand, if the mechanism includes two or more intermediates or competing side reactions, you will need to measure the time course of the concentration change of several species (as many as possible). Even complicated mechanisms can be solved with incomplete knowledge of the internal steps, providing the full time course of the reaction for those accessible species can be measured over a range of initial concentrations. This is possible because you can use a computer to find a unique set of rate constants that simulate these kinetic curves.
A At equilibrium, what are the concentrations of A and A'? Calculate the equilibrium constant from these concentrations and confirm that it matches the ratio of the rate constants.
23. By checking the successive half-times, confirm that the time course of this reaction follows a single exponential, even though there are two reactions (forward and reverse).
2.4. Estimate the value of the apparent first-order rate constant (kj) from the half-time of the reaction and confirm its value by running a simulation with a first-order reaction and single rate constant (k+ = k,*6 and k_ = 0). Pr 7: A two-hit eacton-dissociation of the actomyosin complex This is a more complex set of paired reactions, three in total. Two have the same rate constants, making things relatively simple. This is a real example from biochemistry. The motor enzyme myosin (M) binds to an actin filament (A) by each of its two heads. Both heads must bind ATP (T) for the complex to dissociate. The ATP binding reactions are independent and have the same rate constants. Exactly the same mechanism explains the development of retinoblastoma in children. Two tumor suppressor genes need to be inactivated before the tumor develops. You may be able to think of other two hit reactions like these examples. Patients with a family history of retinoblastoma develop their cancer earlier than thoe with no family history. We now know that mutations in both of the retinoblastoma genes are required for a tumor to develop. Postulate a mechanism that might explain the difference in the kinetics of tumor development in these two patient populations. Write out and compile your mechanism in KINSIM. In this case, you will need to define the time interval as a month rather than a second as we have done with our other examples. You will also need to define the concentration units arbitrarily, such as 100 patient units. Other than that, the same reasoning is involved. Do you think that you are dealing with first-order or secondorder reactions? Are any of the reactions reversible? Use KINSIM to find rate constants that can account for the time course of the onset of the tumor.
Problem 8: A simple enzyme reaction Here we will see how to evaluate a simple enzyme mechanism in which the enzyme (E) binds the substrate (S), converts substrate to product (P), and the product dissociates. This is a minimal mechanism, since most enzymatic reactions involve at least one additional conformational change of the enzyme-substrate or enzyme-product complex.
Nevertheless, this mechanism is more realistic than the classic Michaelis-Menten mechanism in which the EP intermediate is omitted to simplify the analysis. Although the mechanism has three steps, you will see that it can be dissected rather easily with a few transient experiments. Although this is an imaginary enzyme, the biochemical literature is full of examples of enzymes with mechanisms similar to this.
Reaction: E + S == ES == EP == E + P Note that we now must deal with six rate constants: k+I and k_3are second-order rate constants with units of LM-'s-'; the other four rate constants k-1, k+, k-2, and k+3 are first order with units of s-'. Also note that our task may seem complex at first, but you should be able to appreciate its simplicity when you see the reaction broken down into individual steps that can be analyzed using the principles that you have leamed to dissect first-and second-order reactions. This mechanism is nothing more than first-and second-order reactions linked together. The experiments will isolate the individual reactions for your analysis. e. Intrrupt steady-se production of radive P from radioactive S by adding excess cold S; observe the time course of the release of radioactive P from E.
The details of each of these sorts of experiments follow; you may wish to think about how to do them and how to get the rate constants out of the results before looking ahead.
a. This is the classic steady-state experiment. We mix a large amount of S with a tiny concentration of E (0.1 p.M), observe the accumulation of P over short period of time, and repeat this experiment for many different concentrations of S. The data fom such an experiment is in Datafile8a. It may help to look at the data in your gaphing pam rather than P, vs. time for S = 03, 0.5, 0. 7, 1, 2, 3, 6, 9, 12 e. This is a chase experiment that reveals directly the rate of product dissociation. We start by mixing 1 pM E with 20 pM radioactive S and wait just long enough for the reaction to achieve a steady-state rate. Then we add 1000 FM cold S. Thereafter, essentially all ofthe S binding to E will be cold, so all radioactive P that we observe from this time point will have come from radioactive S or P bound to E at the time of the addition of the cold S. In Datafile8e we see the time course of the dissociation of radioactive P. Which reactions are being observed in this experiment? What can this data tell you about the rate constants of these reactions? To simulate this sort of experiment, start with zero concentrations of everything except 1 pM EP, to simulate the fact that the enzyme is fully saturated with substrate at the beginning of the chase part of the experiment and all the free radioactive substrate has been competed away. Assuming EP = 1 pM is not really valid. Why not? Nevertheless, to get started set the reassociation rate for the product (k-3) to 0, to simulate the fact that the radioactive product will not bind the enzyme again (why not?). Set the association rate for the substrate (k,1) to 0, to simulate the fact that new radioactive substrate will not bind (why not?). Then follow the concentration of free P. You will learn that it is necessary to modify your initial assumptions to get a reasonable fit to the data. 8.4. Once you have esfimates of all six rate constants, go back to the key experiments and simulate the time courses with a full set of rate constants. You should be able to fit the data exactly after making a few modifications of your initial assumptions. Now that you know all six rate constants, do you understand intuitively why the various experiments produced the observed data? Think about which reactions are rate limiting in each experiment. actin, ATP, and profilin For your final exam, you can try a reaction that involves multiple interacting components. As far as we know, mechanisms of this complexity cannot be solved analytically. Kinetic simulation is the only available approach. Fortunately, by building up our knowledge of the reactions one step at a time, we will be able to understand the whole process in detail. We will look at the exchange of nucleotide bound to actin and how the actin binding protein profilin promotes this reaction (Goldschmidt-Clermont et al., 1991) . The guanine nucleotide exchange proteins that promote exchange of GTP for GDP on small G-proteins probably work the same way, but the decisive experiments have not yet been done.
Here is the background. Actin (A) is the major subunit of microfilaments. The actin monomer is stabilized by ATP (T) bound in a deep cleft in the middle of the molecule. This bound nucleotide can exchange slowly with free ATP in the medium. The actin monomer binding protein, profilin (P), accelerates the exchange reaction and may be used in the cell to recycle ADP-actin to ATP-actin. We will measure exchange by adding the fluorescent ATP analogue, etheno-ATP (eT), to actin. eT has the convenient property of being much more fluorescent when it binds to actin than when it is free, so we can easily measure the concentration of AeT and PAeT (profilin binding does not affect the eT fluorescence).
Reactions:
A+ T ==AT A + eT == AeT P + AT == PAT P + AeT == PAeT PA + T == PAT PA + eT == PAeT P + A == PA
(3)
Even the most enthusiastic kinetic simulator would have trouble with all of these reactions without some simplifying assumptions and your computer would get bogged down as well. Therefore: I. We will eliminate Reaction 7, since the concentration offree A is vanishingly small. (Actually one should leave this reaction in the mechanism to make the mechanism thermodynamically legitimate, but it will have little effect on the simulation.)
H. We will assume that the association rate constants for nucleotide binding to actin (Reactions 1, 2, 5, and 6) are the same with a value of 1 pM-ls-. (Ihis approximate value is known from the literature and its absolute value + lOx will not affect the time course of the reaction significantly.) HI. To keep things simple, we will assume that k,3 = k+4; k-3 = k-4 and k-5 = k-6. Tasks 9.1. First we note that profilin is involved in all but the first two reactions, so when the profilin concentration is 0, we can look at the first two reactions alone. Write out and compile Reactions 1 and 2. Display the data in Datafile 9.1. We mix 2 pM AT with three different concentrations of eT (2, 20, or 200 pM). We follow the time course of the change in the fluorescence as eT replaces T bound to the actin by a fluorescence change.
9.2. Search for values of k 1 and k 2 that fit the data. Assume that the initial concentration of A is 0. Think about which experiment is most sensitive to the relative values of Wacskck and Poar these rate constants. Remember that the rate constants determine both the rate of the reaction and the equilibrium concentrations of the products. First look for a ratio of rate constants that gives the observed equilibrium concentrations. Start with the curve most sensitive to the values of k-1 and k_2. Then confirm the value of the equilibrium constant with other curves. Finally, maintaining the ratio of the rate constants, vary there absolute values to achieve a fit of the curves. Now you can proceed to the experiments with profilin, using the four rate constants from P = 0 as givens. Equilibrium constants are given as upper case K's. A very t and useful concept is that the equilibrium onstant for a reaction is related direcdy to the rate constants for the forward and reverse reactions as well as the equilibrium concentaions of reactants and products.
The rate of a reaction is the rate of change of concentration of a ratnt (R) or product (P) with time. As reaants disappear, products are formed so that the rate of reactant loss is directly related to the rate of product formation in a manner determined by the stoichiometry of the mechanism. The arrows in all of the reacion mechanism in this tutorial indicate the direction of the reaction. A first-rder rate constant can be viewed as a probability. For the conformational change, it is the probability per unit time than any A will change to Al in a unit of time. For the dissociation of complex AB, the first-order rate constant is determined by the strength of the bonds hokling the complex together. This "dissociation rate constant" can be viewed as the probability that the complex will full apart in a unit oftime. Note also that the probabiliy of the conformational change of each A to A* or of the dissociation of each AB is independent of its concentraion Each A or AB does its own thing. The concentrations of A and AB are only important in determining the rate of the reaction observed in a bulk sample.
When thinking about a first-order reaction, it is sometimes useful to refer to the "half-time" of the reaction. The half-time, tuI2? is the time for one-half of the existing reaant to be converted to product. Tis time depends only on the rate constant and threfore is the same regardless of the startming where k, is the effecdive, or obseved, rate coistanL This is just the firor equaton, so the result is an exptl with a half-time of 0.693/k.
The value of the assotion rate cosmAa-, k+, is detmined mainly by the rate that the moeules collide (Berg and von fipped, 1984 This collision rate depends on the rate of diffusion of the molecule, whidfi is determinedby the size and shape of the mokcuk, the viscosity of the medium, Northrup and Erickson (1992) linking reactons togeher is the secret of how the cell carres out unfavorable reactions An unfble reaion can be driven forward by a favorAbl reacion up-ordow ns All that matters ifthe total free energ change for al of the coupled recstionS is negafive. For example, the unfavorable reaction poding AT fm ADP is driven by being coupld to an nerg source in the form of a proton gradient acrs the mitchondri emane that is derived in tumrn fom the oxidation of chemical bonids of 4-23k-2 T'he plateau is k+2 + k-2 = 150, and you can solve for k+2 and k-2 You would estimate k+2 as 108.1 s-' and k-2 as 41.9 s-'. This is not perfect, because we cannot get a clean line at the low end of the scale (see Problem 6.6) but it is certainly close. To get a more accurate answer, you would need to start with these estimates, simulate the whole set of reactions, and adjust the rate constants until the simulation fits the time courses over the whole range of reaction rates. This is somewhat tedious and has been t ted in some systems. Prbem 9 k+1 = k+2 = 1 LM-Ms-'; k-1 = 0.01 s-; k-2 = 0.03 s-1; k+3 = k+4 = 2 IM-,S-';k_3 = k-4 = 4 s-1;k+5 = k+6 = 1 LM-s-'; k5 = k-= 6 s-'.
The profilin catalyzes the nucleotide exchange by hopping frm one actin molecule to another on a subsecond time scale. The half-life of the complex of profilin with actin is 175 ms. During this time, the nucleotide highly is likely to dissociate from the PAT complex, since its half-life is 117 ms.
